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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1232

" EFFECT OF EXHAUST PRESSURE ON THE PERFORMANCE
OF AN 18~CYLINDER AIR-COOLED RADIAL ENGINE
WITH A VALVE OVERLAP OF 62°

By Lercy V. Eumble, Tibor F. Nagey
and David 5. Bnman

SUMMARY

A dynamcmeter-stand inveatigaticn was cunducted to determine
the effect of exhauat pressure on the perf'ormance of an 18-cylinder
air.cooled, radial ergine equipped with a convent:onal exhaust col-
lector ring. The Investigation c.vered a range >f engine sprecds
fram 1400 to 2600 rpm, Inlet-manifold pressures fram 30 to SO inches
of mercury abaolute, fuei-air yratios of 0 083, 0.069, 0.085, and
0.100, and ayark scttings of 20° and 35° B.T.C. The exkaust pres-
sure was varied, in pereral, from aporox metely 6 Inches of muvrcury
apaolute to about 20 incles of mercury above the ‘nlet-manifold
preasure.

At constant values of engine speed, irlet-manifold pressure,
carburetur-air temperaturv, fuel-alr ratio, and cnoling-air pres-
sure drop, an increase in exhausl pressure resuvlted in a decrcase
in power and cherge-air flow and in an increcase in inlei-manlifold
tenmperature anc average cylinder-head tcrperature. The exhaust-gas
temperature reached a psek valve at an exlLeust pressure of sbuut 0.8
of the inlet-mwuniisld pressure.

Compartaon of the vegiauts of the presoent inveatigation with
those previously sbtatined on & similar engine, which had a smaller
nominal valve overlap (407), showed that the effect of exhaust prese
sure en engine power and charge-alr flow was greater on the eugine
with 62° valve overlap. Fur exampls, at an engine speed of 2000 rpm,
an Inlet-manifold pregsure of 30 inches of mercury abgslute, and a
fuel-air rat o of 0,085, a change in the ratio of exhaust pressure
to inlet-manifold pressure from 0.2 to 1.6 cauasd 8 52-percent
decrease in brake horaepower on the eng!ne with 62° valve overlap
and a 3l-percent decreaSe on the engine with the 40° valve overlap.




NACA TN No. 1232

INTRODUCTION
A research program was Instituted at the NACA Cleveland labora-
tory to determine the increase in power and efficiency obtainable dy
geering an exhmust-gas turbine s#nd a comnressor to the crankshait of
a conventional alrcraft engine,

As the first phase of the program, s dyuawcmeter-astand investi-
gaticn wan wade on =n 1l2-cyliader, alr-cocled, resilial engiune with a
40° valve cverlap %o dotermine the elfect or exhaust prassure on
engine performance end cooling., The results of thia investigation
ars repcrted in refersrces 1 and I, The computed psrfovmonce of a
composite uyrtem conglatitug of tlils angine with 2 Lwrbine and a com-
prossor mounted cn a common shai't und geared to the crankshaft is
renorted in reference 3,

During the course of the i'crercing investlzation, n newer model
engine of the sume tynwe, whiclh 1ricormomtad severnl changes including
an ircrease in nominal valve overlinp from 43° t¢ 829, bocamo avall-
able. Becavse the chan;e in valve timing waa expscted to influence
the effect of exhaust pre:zsure on engine perfcimance, an investigu-
tion simllar to that retorted in veference 1 was conducted witih the
newer model engine.

The lnvestigation cocvered a rangs of engine speeds, inlet-
manifold pressures, ard fuel-alr ratios, The exhaust pressure was
varied over n wide renge with various coxbinmtions of these
varlavles.

The rasults nre presentad In the form «f curves ihat show the
erffect of oxhiaust presaure on ensine wowaer, charge-alr Ilow, volu-
moetric efficianty, Inlet-monifold temperature, c¢ylinder-head temper-
ature, and axhaust-gne tempersture. Reprodentetive curves taken
from reference 1 are included for compnrison,

INSTALLATION ARD 1NSTRUMFENTATION

The R-2800-57, 1R-c litdar, alr-coolnd, radial engine used for
this inveaticaticn hny o Lnka-of £ rting of 2100 bdrake horsepower
at 2800 rom and = normel rettg of 100 Lrake horsopower at 2300 rpa,
Pertinent sracifications feor thi: enpiue and for the R-2800-5 engine
(reference 1) are given for Adnpnrlson:




et
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R-2800-57 R-2800-5

eugine engine
Nee S linchapiims sips ot Sl sl s naa . at 5N 5,73
Strciee,Irichellat v Sur sl 0t S sl i aeae 016508 €.00
Diaplecement, cubic inches . . . . . . . . . . « . 2804 2804
Conpreselion atlotil, ol Se o tih eomtiel 2 NGRS 6.65
Propoller-reduction-geer ratio . . « « « « « . » 0.,45:1 0.5:1
Valve everlap, degress . . . o « » ¢ o ¢ s « o« o« o o 623 40
Sperk setting, degrees B.T.C.:
DYl Ring adVENeS! o 4 . o.e e e e e el atia . Gl &6 25
Forme 1ERAvance, TE o T LU s S e T s e ) 20 28
Blower-goar rotle:
How R A At Lk ke s B B mah e TTea gl {621
gl 6 6w A e e Rl SRR 1t s S L e oIk NDRS 9,45:1
Impeller dismeter, inckes . . .. . ... . . .. 1l1l.5 11.0

The engine was equinred with sn sutomatic twe-peeitlon spark-
advance unit, which was altered se that 1t could be locked in elther
of the two positions (200 er 358 B.7.C.).

A photograph snd a sketch of the satup are shown in flgures 1
end 2, respectively. The inatellatlion and instrumentstlon was eszen-
tially the same as deacribed in reference 1.

The exhaust cellecter ring wes the sswe ag that used in reler-
ance 1 except that the eriginnl expanalen Jeints were reprlaced by a
sleeve-type cxpension Jeint enclosed in a gastight bellowa. The

ellecter ring wsaa built in halves and cornected te the laboratory
altitude exhaust system through a Y-sheped section of pipe end a
laige diameter 90° miter clbew, The engine exiheust pregsure waa
mezaured by a atatic-preassure tap located where tie exhaust pive
a8 ccnnected te the 90° elbecw.

Exhaust-gaes temporatures were messured, as in reference 1,
aprroximately 18 inclhes downaotream ef the Junctien ef' the Y-shaped
soction with three quadruple-sghielded chromel-alumel thermoceuples
immoreed to cbout 0.3 of the pive dinmeter and spaced 120°.

The cooling-air tetal pressure in front of the ergine vas
msasured ahesd ef cylinders 4, 10, and 1€. Twe shreuded tetal-
rressure tubes were mounted en supperts in frout of eech of the
three cylinders: one at the =ame radial distnnce as the middle
clrcumferentlal head fin and one at the sgame radlal dlstance as
the center of the cylinder barrel., The cooling-air inlet tcmpera-
ture was moasured by three theimocouples wired in yparallel end
meunted on the total-preasure-tube supperts.

———— S e —
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In reference 1, static pressure behind the heads was nessured
with 2 tubs on sach rear-rcw cylinder and the static prerzare behind
the barrels was measured with three atatic-nreacure tubes mcunted on
supports behind the rear-row cylinders. For the rrerent inveatiga-
tion, the static pwssure behind the heads vns morsured with cpen-
end tubes pleced ir tne skoltered region behind the L-ffle curl on
the inlet aide cf cylinders 1, 5, 9, =2nd 15 at the sure radlsl dis-
tance n2a the cylinder-hend totni-pressure %ubes, The st-tic preasure
behind the borrels wos aimilarly obtuined on the aaae cylinders with
tubes loonted at the same radial disterce =as the cylinder-barrel
total-presswre tubes,

Crlindor-nead tomper:tures wers measuwred con 2ll cylindera with
( : bayoret-type thermcecouplez lcented in wells et the rear conter of
the cylinder hesds. Thia thermocourle replzced the Xear znack-plug
| boss and gaskot thermccouples uaed 1lu reference 1. Tarrel tenpera-
tures were meezured oii 211 cylindsrs vith therrmcccup'es that were
t peened into the mu'f =t the reer reater ¢ the barrel, .

The tot~l pressure at tle cerburetor tor deck was taken es the
carburetor-inlet ovressure and the carburetor-air te.ueca:ture was [}
\ taken o3 the volue obtalined with aix thermcccurles conuected in
parellel and located in thna -4y stream abtout & inches sbove the car-
buretcr tor deck. The inlet-manifcld (blower-rim) pressure was
messured at a manifcld-presure-gage cormectlon 1n the ciower house
ing. The inlet-manifold (rilxtire) temporature in the inlet pipes
was obtalrad by averaging “he temperntures reas.wred with an
unshiolded thermocouple placed in the center of ezch inlet pipe |
approximately 4 inches frcm the mort, '

PROCEDURE

The investigaticn covered a range of engine speeds from 1400
! to 2600 rpm, inlet-manifold precaures from 20 to S50 inches of
mercury absolute, and fuel-air ratios of 0,063, 0,069, 2,085, =nd
0.100, Most of the investigation was made with the ncrmel spark
setting of 20° B.T.C.; scme data were obtained, hewever, at low ;
Yowsr with the cruluing setting o 20 B, 7.0, With e=zgh of the
-~ Toregoling vauriables held csmstant, the exhauat rressure woe varied
from ~pproximately 6 irches o mercury abaolute to abeut 20 iuches
of mercury ~bove the fnlet-maniicld mressure, except during high
manifold-prensure operaticn where instrument limitaticns occurred
and in a few sther cases whon engine cperation became ungtoble or 3
incipient dctonation occurred,

B S O




NACA TN No. 1232 5

For each aseries of runs,the cooling-air nreacure drovn was 2o
ad Justed that ihe maximum cylindsr~bsrrel temmerature wra Tetveen
2800 and 30CC F (the corrzsvonding maximum Lead temperature was
betreen 5700 and 5779 F) with {he exhaust sressuve 2l apoxle
nately 28 incher of mercury atsclute., The coolinZ-alr rrossire
drop was tiern muinialned constant at this velue while the exanuot
pressure wes Jeried, Sufficiont time wac rllowed at each velune of
exhruzt pressure Irr the cylindor temperat wes to rewch cguilizrlum.
Tho oil-in temorature wea maintsined at 1609 10V ¥,

Ir. mcat znsea the elgine sharge elr was te'ten nte the induc-
tion system alrectly f'ram the atmosniore; in some cmsoo, It wns
obtoined from the luvoratory hich-presswre air gupply. The charge
elr was rurajehed te the curbiretor nt n prearure sufflicleut to
give the des'red inlot-mzuifolsd |roazwa with fall-over: engino
throttle, tic carburnior-inlet prossure belng ccnturnlled by means
of a butturfly vaive locatz2d iu tie chowme-pll pire bouvecn the
! air-measuring orifico and the carvuretnr., ALl eng'uo deta woe
obtained with the engins throttle in full-oven pousition. ‘

2

RESIULS AND DISCUSSION ’ 4

‘ The data are presented in o mannor simil~r to that of refer- i
ence 1; represontutive curvos fram roference 1 are included for ‘
coempariaon,

stonleas quantity ¢ {r:ifc o sucine ndicated reun effestive
pressure to ergine !ulet-mzairoll presaure) ia uged ng a meas.re
of indfcmted pover (reforence 4).

Effect of exhnual sressure oy 1ndiz-ted power. - The diwen- ‘

The indi:ated mesn effective prossire (and lienco ¢) 10 defined
to include the centributlions of a1l four atroles of the cyele;
was correctsd tc 2 coustant inlot-manifuld tompornture of F£0° R on
the assumption tont ndicaled nower var.ed inversely as the nuLoo-
lute Ilnlet-man.fold tampersture, fGue vhriati-onm of Lhe rrtlio
with the ratio of engine exh-urt nressure ‘o inlet-manifold rrega
swe p, /pm for ths varioun irlet-menifold rressurcs is shown in
figure 3 for comnatnnt values of augine pviod, fuel-a’r raslo, nud
spark setting, As in refereuce 1, the wniots nre Iadopondent of
inlet-manifcld pressure for the r=mwe covered., Tho effect of apeed
L on 4 18 small within the range 'uvesti;ated for speeds of 22C0 rm

- and sbove,
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Faired curves (taken from reference 1) showing the wariation of
d with I’n/Pm for the engino with 40° valve overlap at e Tuel-alr
ratio of 0.085 are included in figuro 3(b) for comparison, Altnough
the curves for the two engines are for slightly different sperk
settings, the differences between thom may be consldered sa illus-
trative of the offect of the difforent valve overlaps. For oxzmplo,
at an engire spoed of 2000 rpm, increasing pg ’hr. from 0.2 to 1.6
regults in a docrsase in ¢ of 42 and 25 porcent for the 62° and
40° valve ovorlaps, rospectively.

Effect of exhaust pressure on brake horsepower, - The variation
of brake horsopower with 1p,/py for varicus oengine speeds, inlet-
menifold pressures, fuel-air ratios, and for two apark eottings ia
shown in fipure 4. During the investigatioan, tho carburetor-air tem-
perature varied clightly from SS0° R and the brako horsepowor was
corrocted to S50° R on the essumrtion that tha power varied inversoly
es the square root of tic shazolute coarturetor-nir temperature. The
inlot-manifold temperaturec,as shown in a lstor soction, incroages with
exhaust pressure for constant carburetor-nir tempernture. Ths brake
horsepower gnown in figure 4, whici was corrected to 2 congtant
carburetor-air temnerature, thnus includes the effect of the varying
inlet-manifold temperature; whereas the curves of ¢ in figure 3,
which wore corrected to conatant inlet-manifold teumpersture, do not.

he brake horsopower was measzured with thc engine throttlo in
the full-open position, the cerbduretor being suvpliod with air at a
rresoure sufficiont to ¢ive the dasired pressure at the inlet moni-
fold, Tho variation of the 1atio of inlet-manifold presgure to full-
throttle carburetor-inlet pressure p,/p, with engine speed Is
shown In figure 5. This faired curve, which is plotted for a
carburetor-nir temperature of 550° R, is included to facilitate the
detormination of pe for tho various operating conditicna, The
curve is accurate to about fl,5 percant for values of po/pm neaxr
1.0 and tn about 2.5 percent over the ronge of Pe/Pm covered.

Fairod curves of brake horrepower agninst pg /Pn , obtained
from figure 4, are shown in figure G with similar curves (blower
goar ratio, '(.6:1) from reforence 1 for gseversl engine opeeds at a
fuel-air ratlio of 0.065 =»nd !alot-manifold pressures of 30 and
40 irnches of morcury absolute, The effect of vnlve overlap ig again
cvident, At an engino snoed of 2000 rym, ard an inlet-menifold
prosaure of 30 inches of mercury abtaolute, e change in pe/pn1 from

0.2 to 1.6 causos $2-end 31l-percent decreasos in power for the 62°
and 40° valve overleps, respectively.
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The offect of vrhaust pressurs on aneine brake horsupowver, can
be gencrali~~d t, ues of the dimensionless quantity cr., defined as
the ratio of the brake horsenover at any value of P, ,p,n to ke
brake horsvpower At py/ry = 1.0 for the same altitude, -nglne
gpeed;, inlet-manifold pr.asaure, fuel-alr rut'o, and spark sctt*n
The variation of a with -\,;)m ror conetant cngine spoeds 'is
shown in figure 7. Each curve renrciunta the best poasible Iairina
for all the dsta obtatined at that vngine spued.

[y

Effect of crhaust pressire on charge-nir Tinw and v“'lunotrlc
efficioncy. - The variati.u of charge-a.r Ilow W, with . /nm
for various engine spouds, inlet-menifuld presauvrea, fucl-air

. watics, anc fur two spurk seltiugs ls shown in figrre & The

. charge-air fiow wag corrcetid to -a carburetur-alr tum aratwro of)

. 550° R by thu sams method as tlho brale horsepowur. 'I‘he {igure
“shows thai ciarge-air f1.w docreescs with inerues'ng p /R, 10

much the same way (a power.

Falred curves of charge-alr flow againat Pe/-"'m obtained
from figure 8 are shown in Tigurv 9 with sinilar curves {bluwer
goar ratio, 7.6:1) frow riference 1 for cuveral capine speods ab
a fucl-alr ratio of 0.035 and iulst-manisold poeasures of 30 and
40 1inchca of meroury abasiute. 1n general, the oniine with 62°
valvo overlas hu' a gréatoer broathing caa_c ‘ty than the .ngiune
with 40° valve overla)y when ~e./ 'm  Wes lesa thao 1.0 and a smallor

capacity whon o,/p, was griatur than 1.0,

The volumitric offlciency (d:{inud us tho rat's of the vols
ume of charge alr ta¥en ints the uvngine ucr cyele at inlot-manifold
pressure and temp.rature to the displacement volume of the cngine)
is plotted aiainst po/_nm Ior cHhastunt «ngine speudn in figure 10;
curves from rulercnce 1 are included Tor comparison. T.uz data
obtaincd with the ongine with 629 uverlap over the rong. or cxhaust
presswros at the various inlet -menifold orussurca, fuel-air ratios,
and at two spark scttings are included In £1purs 10 and pood corre-
lation of thu data is obaerved.

From fisures 5 and 8 the cuxiliary supsrelarger rowur ruegulred
to supsly the charse alr to the carbwroetor can bu ¢ .mpaied for any
altitudo and ungline conditisn., This suxiliary superchar or power
muat be subtracted from the measurcd brake horscpower tn obtain the
actual brak: horscpower bicaunse in this investigation the carburetor
Tk alr was supplicd by thu laboratory a r systoum at the priasure necoa-
L sary to give the dosired inlet-menifold pressurw.

. . R et o ar i —— s 7 S sl @t
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Variation of power with charge-air flow. - The veriation of
indicnted horsepower minus pumping horsepower (ihp - php), which
reprecents the work of only the compression snd expansion stroked of
the cycle, with charge-air flow W, 1is shown in figure 11, Sepa-
rate plots are shown for each fuel-air ratlo end spark setting, and
each plot is keyed mccording to engine speed, The data obtalned
ovar the range of exhaust presswres at each Inlet-menifold pressure
are included in the points shown for each engine speed. Fower and
air flow wore corrected to a constant inlet-manifold temperature
of €60° R,

The correlation of the data is, in general, satisfactory. The
scatter that occurs is probably mainly due to blow-through of charge
during tho volvo overlnp period at low exhaust preasures, to system-
atic errors in the estimation of pumning power, which was based on
a square indicato= crnrd, and to amall changes lu combustlon and
cycle eff'iciency.

Effect of exhaust pressure on inlet-manifcld temperature, - The
present investigation showed thet, with constant carburetor-alr tem-
psrature, engins speed, inlet-man‘fold pressure, and fuel-air ratio,
the inlet-manif{'old temperature tended to increase as the engine
exhsust pregsure was increased, Thie incroase 1s illustreted in
figure 12 where Ty - Te (inlet-menifold temperature minus
carburetor-nir temperature) !s rlotted aguinst Pe/Fm for constant
engine speeds and fuel-air ratios at a carburetor-air temperature
of spproximately £S0° R, The plots are independent of inlet-
manifoid presaure and spurk setting. Tho incrense of Ty - T; with
Pe/Pm is considerayly mcre pronounced at low than at high engine
speeds, and when tho exhaust prossure is greater than about 0,8 of
the inlet-manifold rrescure,

Exhaust-goa temperature, - Exhaust-gas temperature, as moasured
in the unlagged exhaust collector, ia plotted against pe/pm for
the various ongine opersting conditions in figure 13, The measurcd
temperature Increased ns engine spoed and inlot-manifold pressure
increasged and "3 the fuel-alr ratico decreased frow 0.100 to 0.089;
the temperature stayed subs!antially conctant as the fuel-ulr ratio
was further de~reased to 2.0f3, A ciauge in apark seiting from 20°
to 350 B.T.C. resulted ir n Ascrenno In axhauat-gnes temperature for
otherwise constant conditlcns, s would be exnected because of the
improvement in tho thermal efficiency of the engine. The tempera-
ture reaches n pouk value ln tho repglon of 3, /py, noor 0.8. Unpub-
lished data obtained on the ungine of reforatico 1 indicated that,
with the collector well lasged, the axhaunt-pas tomperaturec were
about 250° F highor than with tho unlmpged collector.

»
i g it
—_
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Effect of exhaust pressure on oylindev-head temperature. - The
variation of ayiinder-hesd temperature with exusudt pressure ia
shown in figure 14 by ploiting the quantity (T - Tp)/(Th = Tehr
against Pe/l‘m faor conetant inlet-menifold pressures, sugine epeeds,
and fuel-alr ratios. The cooling-air press:re drop ncross the cyl-
inder !eads waa very nearly constunt for each st of v=rlable
exhaust-pressure rung snd the average valres are listed In the flig-
ure, 1The quantity (Th - T,) 1s the aiffarencs between ilo average
cylinder-heand temperature and tlie coo’ing-alr inlel temperature:

(Th - Ta); 18 the correspondin, value at pg/Py = 1.0, The quen-
tity (Ty, - T,)/(Th - T,)1 1noreases witk incressing pe/p, despite
the coneistant decrease in power level shown in figure 3,

SUMMARY OF RESULYS

The results of a dynemometer-stand investigzatlon conducted with
an engine with 629 valve overlap (R-2300-57 (C-seriea)) over a range
of engine speeds from 1400 to 2700 rmm, inlet-manifcld preasures
from 30 to S0 inches oi’ mercury nbaclute, exhaust prossures from
about & inches of mersury absolute to gpvroximately 20 inches of
mercury above the inlet-manifcld pressure, fuel-alr ratlos of 0,063,
0,089, 0,085, and 0,100, 2nd spvk setiings of 20° and 35° B.T.C.
may be summarized as follows:

1. At constant values of engine speed, inlet-manifold pressure,
cervurctor-alr tomperature, fuel-sir ratic, a2nd cooling-air pres-
sure drop:

(a) Engine power and choarge-air flow decrevsed as the exhzugt
prggsure increnscd.

(b) Inlet-manifold temperature increased with exhaust pressure.
The sffect was more pronownced at low than at high engine speeds
and at exhaust presaurss greater than about 0.8 of the inlet-
manifold pressure,

(c) Aversge cylinder-hsad temperature increased with sxhsust
pressure.

(d) Exhaust-gan temperature roached a peak valus et an exhaust
presswre of about 0,8 of the inlet-manifold pressure. In general,
the exhaust-gas tempernture Iincrensed as engine speed end inlet-
manirold presaure increased and as the fuel-air ratio decreased from
0.100 to 0.069; 1t stayod cmubstantinlly constant as the fuel-air
ratio was further reduced to 0,063,
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2. The offect of exhaust pressure on engine power and charge-
air flow was greator on the ongine with 62° valve overlap than on a
similar engine with 40° valve overlap.

Aircraft Fngine Research Lahoratory,
National Advisory Committoc for Acroneutics,
Cleveland, Ohio, January 2, 1947.
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Flgure |. -~ Dynamometer stand eetup for I8-cylinder, alr-
cooled, radlial engine with 62° valve overlap.
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